Abstract Age-related muscle atrophy is characterized by decreases in muscle mass and is thought be mediated, at least in part, by increases in myocyte apoptosis. Recent data has demonstrated that the degree of muscle loss with aging may differ between males and females while other work has suggested that apoptosis as indicated by DNA fragmentation may be regulated differently in fastand slow-twitch muscles. Herein, we investigate how aging affects the regulation of muscle apoptosis in the fast-twitch extensor digitorum longus (EDL) and slow-twitch soleus muscles of young (6-month), aged (26-month), and very aged (30-month) female Fischer 344/NNiaHSD×Brown Norway/BiNia (F344BN) rats. Tissue sections were stained with hydroethidium for ROS and protein extract was subjected to immunoblotting for assessing apoptotic markers. Our data suggest that decreases in muscle mass were associated with increased DNA fragmentation (TUNEL positive) and increases in reactive oxygen species (ROS) as determined by hydroethidium staining in both the EDL and soleus. Similar to our previous work using aged male animals, we observed that the time course and magnitude of changes in Bax, Bcl-2, caspase-3, caspase-9, and cleavage of α-fodrin protein were regulated differently between muscles. These data suggest that aging in the female F344BN rat is associated with decreases in muscle mass, elevations in ROS level, increased muscle cell DNA fragmentation, and alterations in cell membrane integrity and that apoptotic mechanisms may differ between fiber types.
Introduction
Aging in the elderly is characterized by losses in muscle mass and strength known as sarcopenia that can impair the ability of the aged to perform every day activities. Animal survivability curves developed by the National Institutes on Aging based on large, long-term studies examining Fischer 344/NNiaHSD× Brown Norway/BiNia (F344BN) mortality rates indicate that 6-, 26-, and 30-month-old female rats roughly correspond to the third, seventh, and eighth decade of life in humans [1] [2] [3] . This latter time point is considered significant by the World Health Organization as it has defined this age group as Belderly^ [4] . The degree of muscle atrophy with aging appears to be greater in men than in women and may vary between fiber types [5] [6] [7] . The role that myofiber loss plays in age-related muscle atrophy is not fully understood; however, recent data has suggested that the elderly may experience significant losses in total fiber number (~30-40 % of total fibers) between the second and eighth decade of life [8] . More recently, other work has demonstrated that apoptosis may play a considerable role in mediating age-related muscle atrophy in both rats and humans [9] [10] [11] .
Muscle apoptosis has been shown to occur in both caspase-dependent and independent manner [12] . Whether differences exist in signaling processes involved in controlling apoptosis between males and females is not fully understood. Recent work has suggested that skeletal muscle in males may exhibit increased expression of the anti-apoptotic proteins FLIP and Bcl-2 compared to that observed in females [13] . Other data has demonstrated that age-related apoptotic signaling in male F344BN rats may differ between different muscle types [14] . Whether a similar mechanism is present in aging female muscle is to our knowledge not known.
On the basis of previous findings from our laboratory [15, 16] and others [17] indicating that the F344BN rats exhibits a similar level of sarcopenia to that seen in aging humans, we examined the time course and regulation of apoptotic signaling in the fast-twitch muscle extensor digitorum longus (EDL) and the slow-twitch soleus muscles of adult, aged, and very aged female F344BN rats. Consistent with previous reports that have employed male rats [14] , our findings demonstrate that the age-related apoptotic signaling may differ across muscle fiber type in female animals.
Material and methods

Animals
All procedures were performed in accordance with the BGuide for the Care and Use of Laboratory Animals^a pproved by the Council of the American Physiological Society and the Animal Use Review Board of Marshall University. The animals and tissues used in this study have been previously examined [3] . Fully mature adult (6 months; n=4), post-menopausal aged (26 months; n= 4), and very aged (30 months; n=4) female F344BN rats were obtained from the National Institute of Aging (Bethesda, MD). Rats were housed two per cage in an Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC)-approved vivarium. Rats were maintained in housing conditions consisting of a 12:12-h dark-light cycle and temperature of 22±2°C with food and water ad libitum. Rats were allowed to acclimatize to the new environment for a 2-week period before the experimentation began. Vector Laboratories (Burlingame, CA). Precast 10 and 15 % SDS-PAGE gels were procured from Lonza ( R o c k l a n d , M E ) w h i l e t h e E n h a n c e d Chemiluminescence (ECL) Western Blot Detection Reagents, Hyperfilm, and Hybond nitrocellulose membranes were from Amersham Biosciences (Piscataway, NG). Tissue protein extraction reagent (T-PER) was obtained from Pierce (Rockford, IL) and Dual Color Molecular Weight Markers were from Bio-Rad (Hercules, CA). All other chemicals were purchased form Sigma (St. Louis, MO).
Materials
Tissue Isolation
Rats were anesthetized with ketamine-xylazine cocktail (40 mg ketamine and 10 mg xylazine/kg body weight, I.P.) and supplemented as necessary for reflexive response. Soleus and EDL muscles were quickly removed, trimmed of connective tissue, weighed, and snap frozen in liquid nitrogen. Muscles were stored at −80°C until further use.
In situ TUNEL, dystrophin, and DAPI triple-staining Cross-sections (8 μm) were obtained from the midbelly of the soleus and EDL muscles using an IEC Minotome Cryostat. DNA fragmentation was detected by TUNEL as described previously [18] . Briefly, after fixing with 4 % paraformaldehyde, sections were permeabilized with 0.1 % Triton X-100 in 0.1 % sodium citrate for 2 min at 4°C. The TUNEL reaction mixture (50 μl) containing terminal deoxynucleotidyl transferase (TdT) and fluoresceindUTP was added to the sections and incubated for 60 min at 37°C in a dark humidified chamber. After washing with phosphate-buffered saline (PBS, pH 7.4), tissue sections were blocked with 3 % BSA and incubated with anti-dystrophin antibody (1:500) to visualize the cell membrane for 30 min, washed, and then incubated with secondary antibody for 30 min at room temperature. After rinsing with PBS, sections were mounted and counterstained with DAPI (4, 6-diamidino-2-phenylindole) to visualize nuclei. At least three regions from each crosssection were randomly selected and visualized under fluorescence (Olympus BX51, Melville, NY) using a ×20 objective. Control experiments performed in parallel using DNase 1 or the omission of TdT was used to verify specificity of labeling. Images were digitally recorded using a CCD camera (Olympus, Melville, NY). Differences in number of TUNELpositive nuclei across various age groups were quantified by counting the number of TUNEL-positive nuclei and dividing it by total number of DAPIstained nuclei in at least three different fields from each muscle section.
In situ nitrotyrosine staining Cross-sections (8 μm) were obtained from the midbelly of the soleus and EDL muscles using an IEC Minotome Cryostat. Frozen tissue sections were washed with PBS for 5 min and incubated with anti-nitrotyrosine antibody (Abcam ab7048) for 1 h at room temperature. After washing (3 ×5 min with PBS), fluorescence secondary antibody was incubated for 1 h and was visualized using an Olympus BX51 microscope (Olympus America, Melville, NY, USA) equipped with Olympus WH ×10 eyepieces and an Olympus UPlanF1 ×40/0.75 objective lens.
Quantification of muscle fiber cross-sectional area and determination of myocyte superoxide levels Muscle fiber cross-sectional area of soleus and EDL muscle sections (8 μm) was determined by tracing the outline as visualized by dystrophin-staining using the ImageJ program. The distribution of muscle fiber cross-sectional area was plotted with Vertical Box and Whisker Plots as outlined previously [18] . Dihydroethidium (HE) staining was used to evaluate superoxide levels as outlined elsewhere [18] . Briefly, dihydroethidium is oxidized and intercalates within DNA exhibiting a bright fluorescent red color. Frozen tissue sections were washed with PBS for 5 m in and incubat ed w ith 10 μ M of dihydroethidium (Molecular Probes, Eugene, OR, USA) for 1 h at room temperature. After washing (3 × 5 min with PBS), ethidium fluorescence was visualized using an Olympus BX51 microscope (Olympus America, Melville, NY, USA) equipped with Olympus WH ×10 eyepieces and an Olympus UPlanF1 ×40/0.75 objective lens.
Immunoblotting EDL and soleus muscles were homogenized 2 × 30 s using ice-cold T-PER (1 ml/100 mg tissue weight) supplemented with 1 mM PMSF, 1 mM Na 3 VO 4 , and 1 mM NaF. Samples were centrifuged (10,000×g for 15 min at 4°C) and the supernatant removed for the determination of protein content using the Pierce 660-nm protein assay (Pierce, Rockford, IL). SDS-loading buffer was used to dilute each sample to a final concentration of 2 mg/ml. After heating for 5 min at 100°C, 40 μg of protein was separated using SDS-PAGE and transferred onto nitrocellulose membranes. Membranes were blocked in 5 % milk in Trisbuffered saline with 0.05 % Tween 20 (TBS-T) for 1 h at room temperature and incubated with the appropriate primary antibody for overnight at 4°C. Membranes were washed 3×5 min with TBS-T and exposed to horseradish peroxidase-labeled IgG secondary antibody for 1 h at room temperature. Protein bands were visualized with ECL (Amersham Biosciences), and the exposure time was adjusted to keep the integrated optical densities (IODs) within a linear and non-saturated range. Band signal intensity was quantified by densitometry using Imaging software (Alpha Ease FC) and normalized to GAPDH to verify equal loading of protein.
In situ rat IgG and dystrophin counter-staining Cross-sections (8 μm) were obtained from the midbelly of the soleus and EDL muscles using an IEC Minotome Cryostat. Frozen tissue sections were washed with PBS for 5 min; tissue sections were blocked with 3 % BSA, incubated with antidystrophin antibody (1:500) to visualize the cell membrane for 30 min, washed, and then incubated with secondary antibody for 30 min at room temperature. After washing (3×5 min with PBS), sections were incubated with Texas red-labeled anti-rat IgG antibody for 30 min at room temperature. After washing (3×5 min with PBS), samples were visualized using an Olympus BX51 microscope (Olympus America, Melville, NY, USA) equipped with Olympus WH ×10 eyepieces and an Olympus UPlanF1 ×40/0.75 objective lens.
Data analysis
Results are presented as mean ±SEM. Differences among age groups were evaluated by one-way analysis of variance (ANOVA) followed by the StudentNewman-Keuls test using Sigma Stat 3.5 statistical program. The level of significance accepted for differences was set at P≤0.05.
Results
Age-related muscle atrophy is associated with increases in muscle ROS and in the percentage of TUNEL-positive myonuclei As detailed previously, the soleus muscle to body weight ratio was 25 % lower at 26 and 30 months (0.36±0.04 vs. 0.36±0.01 g, respectively (P<0.05) when compared to that observed in the 6-month-old animals (0.48±0.02 g) (Fig. 1) . Similarly, the EDL muscle-to-body weight ratio was 24 % (0.39 ± 0.03 g) and 28 % (0.37±0.02 g) lower in the 26-and 30-month-old animals (0.51±0.02 g; (P<0.05)), respectively [3] . Compared to 6-month-old animals, EDL muscle fiber cross-sectional area was 8 and 22 % lower in the 26-and 30-month animals (P <0.05) (Fig. 2) . Similarly, soleus muscle fiber cross-sectional area was 7 and 30 % less at 26-and 30 months of age (P<0.05) (Fig. 2) . Fig. 1 Changes in the muscle to body weight ratio with age in the soleus and EDL of female F344BN rats. Values are mean±SEM, n=4 each group. *P<0.05 indicates significant difference from young adult (6-month) age group I n c o m p a r i s o n w i t h 6 -m o n t h a n i m a l s , dihydroethidium reactivity appeared to be visibly higher in 26-and 30-month soleus muscles and in the 26-month-old EDL muscle (Fig. 3a) . In comparison with 6-month animals, nitrotyrosine reactivity appeared to be visibly higher in 26-and 30-month soleus muscles and in the 26-month-old EDL muscle (Fig. 3b ). Compared to 6-month-old animals, the percentage of TUNEL-positive nuclei was increased in the 26-and 30-month soleus (Fig. 4) but only in the 30-month EDL muscle (P <0.05; Fig. 4 ).
The regulation of Bax and Bcl-2 protein expression with aging differs across muscle type
In the EDL, Bax expression was 31 % higher (P<0.05) in 30-month-old animals compared to that found in muscles from 6-and 26-month animals (Fig. 5a) . Unlike the soleus, Bcl-2 expression in the EDL was not changed with aging (Fig. 5a ). The ratio of Bax to Bcl-2 in the aging EDL was 31 % higher at 30 months compared to 6 months (Fig. 5a ).
Compared to 6-month animals, the expression of pro-apoptotic Bax was 37 and 53 % higher (Fig. 5b) . Conversely, the amount of the anti-apoptotic Bcl-2 was 61 and 48 % lower (P <0.05) in 26-and 30-month solei compared to that observed in 6-month animals. Aging increased the ratio of Bax to Bcl-2 in the soleus by 263 and 206 % at 26-and 30-months, respectively (P<0.05; Fig. 5b ). Nitotyrosine changes with aging and fiber type. Anti-nitrotyrosine antibody was use to evaluate tyrosine nitrosylation in 6-, 26-, and 30-month EDL and soleus muscles. Bar 50 μm. n=3 each group Age-related changes in α-fodrin, caspase-3, caspase-9, and caspase-12 are regulated differently across muscle type
The amount of alpha-fodrin cleavage in the EDL muscle was unchanged with aging ( Fig. 6 ). Compared to soleus muscles from 6-month animals, the amount of cleaved α-fodrin was 83 % higher (P<0.05) in the 30-month solei muscles (Fig. 6) . Aging increased the amount of uncleaved caspase-3 in the EDL by 62 % at 30 months (P<0.05; Fig. 7a ). Compared to 6-month animals, the amount of uncleaved caspase-3 protein was 26 and 46 % higher (P<0.05) in 26-and 30-month solei muscles (Fig. 7b) . Caspase-9 levels in the EDL were 18 and 40 % higher in the 26-and 30-month EDL muscles, respectively, compared to that observed in the 6-month EDL muscles (P<0.05; Fig. 7a ) while it was unchanged with aging in the soleus muscle (Fig. 7b) . However, it is to be noted that changes in caspase 3 or 9 expression do not necessarily reflect activity. Cleaved to total caspase-12, levels in the EDL were 13 % higher and 10 % lower in the 26-and 30-month EDL muscles, respectively, compared to that observed in the 6-month EDL muscles (P<0.05; Fig. 8 ) while it was 37 % lower and 20 % higher in the 26-and 30-month soleus muscles, respectively, compared to that observed in the 6-month soleus muscles with aging (Fig. 8) .
Age-related muscle fiber membrane de-stability In comparison with 6-month animals, dystrophin reactivity appeared to be visibly different in 26-and 30-month soleus muscles and EDL muscle (Fig. 9) . In comparison with 6-month animals, rat IgG reactivity appeared to be visibly higher in 26-and 30-month soleus muscles and in the 26-month-old EDL muscle A B Fig. 4 (Fig. 9) . Additionally, with advance ad in the EDL, dystrophin appears to become more diffuse and disrupted with advancing age. These alterations appear to increase the rat IgG infiltration into the myofiber area as well. In the soleus, these changes appear to be more pronounced leading to entire myofibers being infiltrated by rat IgG (Fig. 9) .
Discussion
To our knowledge, this is the first report to examine the regulation of muscle apoptosis between muscle types in an aging female rat model. We utilized the F344BN aging rat which appears to model the age-related atrophy observed in humans [2] and exhibits a decreased incidence of age-related lesions compared to seen in other strains [1] . Previous reports in humans and rats have suggested that the degree and rate of muscle atrophy may differ between muscle type and sex [3, 5, 6] . Other data has demonstrated that the degree of muscle atrophy continues to increase with age in the male F344BN rat [2, 18, 19] . Conversely, here, we found that age-related muscle loss in female animals plateaued at 26 months and remained constant thereafter (Fig. 1) . Although similar differences between the rates of muscle atrophy with aging between genders have been demonstrated in humans [5, 6] , it is clear that muscle atrophy in human females is a progressive process that appears to continue even at advanced age. Why the loss of muscle mass appears to remain constant after a certain age in the female, F344BN is not clear; however, it is possible that the examination of animals above 30 months of age could have yielded different results. Future studies perhaps employing female animals older than the ones used in this study will no doubt be useful in clarifying this possibility.
Recent data examining the regulation of muscle apoptosis with aging has suggested that the degree of apoptosis may vary by muscle type [14, 20] . Our findings support this contention. For example, in the aging soleus muscle, the amount of TUNELpositive nuclei increases sharply at 26 months and then again at 30 months of age (Fig. 4) . Conversely, in the aging female EDL, the number of TUNELpositive nuclei does not appear to significantly increase until the animals are 30 months of age. In addition, the incidence of apoptotic nuclei is less in the aging EDL than soleus. This latter finding is similar to our previous data when examining the incidence of apoptosis in the aging F344BN male. Why the amount of apoptosis as determined by DNA fragmentation might differ between muscle types is not entirely clear. Given that different muscle types exhibit differences in their resistance to muscle atrophy, metabolic profile, and degree of usage, it would not be surprising that fast-and slow-twitch muscles may also exhibit different proclivities to nuclei loss during aging. Additional investigation using other muscles or muscles that contain a mixture of fiber types will be useful in expanding our understanding of this finding. Fig. 6 Expression of cleaved α-fodrin (150 kDa) compared to total α-fodrin (240 kDa) with aging in soleus and EDL muscles of female F344BN rats as determined by Western blot analysis and normalized to GAPD H. Data are presented as mean±SEM. *P<0.05 indicates significant difference from young adult (6-month) age group. † P<0.05 indicates significant difference from aged (26 month) group. n=4 each group It has been suggested that the mechanisms of agerelated apoptosis may differ in fast-and slow-twitch muscle types [21] [22] [23] . The data of the present study are consistent with this notion. One of the main findings of the present study is that the regulation of apoptotic regulators appears to vary between muscle types with aging. For example, anti-apoptotic protein Bcl-2 content in the soleus is decreased with aging, whereas in the EDL, Bcl-2 content remained constant (Fig. 5) . Similarly, in the soleus, pro-apoptotic Bax content was significantly increased at 26 and 30 months, while in the EDL, Bax levels did not change until 30 months (Fig. 5) . Support for this notion is given by our analysis of the Bax-to-Bcl-2 ratio; in the aging EDL, the ratio of Bax to Bcl-2 remains constant until 30 months of age while in the soleus, this ratio is elevated significantly at 26 months (Fig. 5) . Recent data indicate that enhanced production of ROS may induce a pro-apoptotic shift of the pattern of expression of Bcl-2 proteins (e.g., increased Bax-to-Bcl-2 ratio) [24] . Given the fact that the soleus muscle contains a higher concentration of mitochondria and a greater reliance on oxidative activity Fig. 7 Expression of caspase-3 and caspase-9 in EDL (a) and Soleus (b) of female F344BN rats with age as determined by Western blot analysis. Expression of caspase-3 and caspase-9 were normalized to GAPDH. Data are presented as mean±SEM. *P<0.05 indicates significant difference from young adult (6-month) age group. † P<0.05 indicates significant difference from aged (26 month) group. n=4 each group to produce energy than the EDL, it is possible that it also experiences a higher elevation of age-related ROS (Fig. 3a, b) .
Increases in mitochondrial dysfunction with aging is considered a powerful stimulus for apoptosis [25] . Impairment of mitochondrial function has been shown to trigger the release of cytochrome C [26] . It is thought that this process is controlled, at least in part, by the ratio of Bax to Bcl-2 with the release of cytochrome C and cell death favored as the balance shifts toward Bax [27] . In the aging F344BN female EDL and soleus muscles, the alterations we observe i n t h e ra t i o o f B a x to Bc l -2 s u g g e s t th a t mitochondrial-mediated processes may play a role in regulation of age-related muscle apoptosis. Similar to our findings for Bax and Bcl-2, it appears that the temporal expression of caspase-3 with aging and the degree of caspase-3 expression with regard to the percentage of TUNEL positive nuclei could differ between the EDL and soleus. Nonetheless, a common theme in both muscles was the significant alteration in the levels of caspase-3 in both the aging EDL and soleus muscles (Fig. 7) . Additionally, we failed to find evidence of caspase-3 or caspase-9 cleavage in either the EDL or soleus muscle (data not shown). Although present, the presence of caspase-12 cleavage varied with age and muscle type; it was greater in the aged soleus (Fig. 8) . Care must be taken in interpreting these finding, a review by Gunderson and Bruusgaard has suggested that detection of apoptotic activity in striated skeletal muscle may reflect an increase in turnover of stromal and satellite cells rather than net loss of nuclei [28] .
Age-associated apoptosis in the soleus muscle is associated with α-fodrin cleavage and loss of membrane integrity Age-related changes in the ability of skeletal muscle to regulate intracellular calcium (calcium dyshomeostasis) are thought to be associated with increased cellular apoptosis [25] . Increases in cellular calcium, if excessive, can result in the activation of calpains. Calpains are a family of calcium-dependent, non-lysosomal cysteine proteases that can participate in the breakdown of numerous proteins and have been postulated to play a role in muscle atrophy [29, 30] . The α-fodrin protein also known as spectrin II [31] has been shown to localize in the Bcostameres^of skeletal muscle [32] . Costameres are structures that function to connect the sarcomere of the muscle to the cell membrane [33] , and are located over the M lines and Z lines of adjacent sarcomeres on the cytoplasmic surface of the sarcolemma [34] [35] [36] . The α-fodrin protein is a 240-kDa protein that can be cleaved by activated calpains to yield a N-terminal fragment of 150 kDa [37, 38] . Similar to our findings for Bax and Bcl-2, the aged EDL and soleus appear to regulate calpain activation differently with aging. For example, we show increased calpain-dependent cleavage of α-fodrin in the soleus with aging but not in the EDL (Fig. 6) . No evidence of capase-dependent cleavage of α-fodrin was present in either muscle (data not shown). This latter finding is different from what has previously been shown in the aging male F344BN where evidence of caspase-dependent cleavage was evident in both the soleus and EDL [14] . The presence of α-fodrin cleavage may be associated with lose of membrane integrity or force transduction.
Due to the presence of α-fodrin cleavage, we decided to look at the dystrophin-associated glycoprotein (DAG) complex protein dystrophin. Although the exact function of the DGC is not fully understood, it is known to regulate the stability of the muscle cell membrane and is believed to link the structural proteins within the extracellular matrix to the internal cytoskeletal system of individual myofibers [39] . Our data would indicate that dystrophin localization/organization is altered with aging and that these alterations vary with muscle type. Our finding of increased rat IgG infiltration with aging which varied with muscle type is consistent with this notion. This membrane destabilization had been linked to increase cellular apoptosis [40, 41] which is in agreement with our finding and could be associated with a loss of myofibril contractile machinery membrane anchorage integrity and transmembrane myofibril force transduction. As with α-fodrin cleavage, these changes appear to be greater in the soleus (Fig. 9 ). Whether these changes are a result of increased apoptotic-induced membrane instability (blebbling) is unclear. Taken together, the data obtained from this study and previous work suggests that the mechanism(s) responsible for age-associated muscle atrophy may differ between muscle fiber types and with sex.
Conclusion
These data suggest caspase-dependent apoptosis may play a role in the age-related loss of muscle nuclei in the skeletal muscles of the female F344BN rat. In addition, we confirm previous observations demonstrating that proteolytic and apoptotic regulatory events are regulated differently in fast-and slow-twitch muscles. Studies investigating the potential involvement of other apoptotic regulators ( i . e . , a p o p t o s i s i n d u c i n g f a c t o r ( A I F ) o r endonuclease G) will be useful in furthering our understanding of why the degree of muscle atrophy might vary with fiber type during advancing age.
